Background: Previous studies have reported conflicting information regarding the prognostic role of p16 in nonoropharyngeal head and neck squamous cell carcinoma (HNSCC). Methods: Using the US Veterans Affairs database, we analyzed 1448 patients with locoregionally advanced HNSCC and known p16 status diagnosed between 2005 and 2015 and treated with surgery, radiotherapy, or chemoradiotherapy. Tumor p16 status was determined through manual review of pathology reports of primary tumor specimens. Oropharyngeal (n ¼ 1061) or nonoropharyngeal (n ¼ 387; hypopharyngeal, laryngeal, or oral cavity) tumor site was determined from tumor registry data and manually reviewed for accuracy. We used multivariable Cox regression to analyze the effect of p16 status on overall survival (OS), cancer-specific survival (CSS), and competing mortality (CM) for oropharyngeal or nonoropharyngeal tumor sites. All statistical tests were two-sided. Results: In multivariable models adjusting for treatment, stage, age, comorbidity, and body mass index, patients with p16-positive tumors had improved OS, CSS, and CM compared with patients with p16-negative tumors in both oropharyngeal (OS: hazard ratio [HR] ¼ 0.53, 95% confidence interval [CI] ¼ 0.40 to 0.71, P < .001; CSS: HR ¼ 0.50, 95% CI ¼ 0.35 to 0.73, P < .001; CM: HR ¼ 0.59, 95% CI ¼ 0.38 to 0.93, P ¼ .02) and nonoropharyngeal primary sites (OS: HR ¼ 0.41, 95% CI ¼ 0.25 to 0.69, P < .001; CSS: HR ¼ 0.37, 95% CI ¼ 0.18 to 0.77, P ¼ .008; CM: HR ¼ 0.46, 95% CI ¼ 0.23 to 0.95, P ¼ .04). The prognostic impact of p16 status did not statistically significantly differ by primary tumor site for OS, CSS, or CM (P interaction > .05). Conclusions: Our findings support the hypothesis that p16 has a similar prognostic role in both nonoropharyngeal and oropharyngeal cancer. Consideration should be given to increased testing for p16 in laryngeal, hypopharyngeal, and oral cavity primaries.
Multiple studies have found that p16 (INK4A) is an important prognostic biomarker in oropharyngeal head and neck squamous cell carcinoma (HNSCC) (1) (2) (3) (4) (5) (6) (7) . The prognostic role of p16 in nonoropharyngeal HNSCC, however, is uncertain. Several studies have concluded that p16 has no prognostic significance in nonoropharyngeal HNSCC (7) (8) (9) (10) (11) (12) (13) , whereas others have concluded the opposite (14) (15) (16) (17) (18) (19) (20) . As a result, practice guidelines generally recommend routine testing for p16 in oropharyngeal but not nonoropharyngeal HNSCC (21) .
Many prior studies examining the prognostic role of p16 in nonoropharyngeal HNSCC have been limited by small sample sizes and low rates of p16 testing, potentially explaining the lack of an observed prognostic role of p16 testing in specific contexts. Other studies have been constrained by the lack of key prognostic information, such as comorbidity status, which may confound analyses of effects on overall survival (22, 23) . Furthermore, many studies omit analyses of effects of p16 on cause-specific events, which can result in misleading inferences (24, 25) . Therefore, we sought to investigate further the potential prognostic role of p16 in nonoropharyngeal vs oropharyngeal HNSCC, with particular attention to estimating adjusted effects on cancer-specific mortality and competing mortality.
Methods

Population, Data Source, and Sampling Methods
From the US national Veterans Affairs (VA) database, we identified patients with locoregionally advanced (AJCC stage III or IV) nonmetastatic HNSCC of the oropharynx, oral cavity, hypopharynx, or larynx diagnosed between 2005 and 2015 and treated with either surgery, radiation therapy (RT), or chemoradiotherapy (CRT). The Veterans Affairs Informatics and Computing Infrastructure (VINCI) collects detailed information regarding baseline demographic information, tumor-and treatmentrelated factors, and outcomes for US veterans from VA hospitals nationwide (26) . The VINCI system includes longitudinal data regarding diagnoses, procedures, medications, labs, physiologic measurements, text notes, and reports, while tumor registry data are gathered at individual VA medical centers by trained registrars according to standard protocols issued from the American College of Surgeons (27 Definitions of Tumor Site, p16 Status, Treatment, and Covariates
Tumor p16 status was identified through manual review and verification of all pathology reports. Tumors were categorized as p16 positive (p16þ) if the pathology report referred to widespread, diffuse, or strong staining for p16, described staining in 70% or more of tumor cells (1, 14) , or indicated that the tumor was positive for p16 without other qualifiers. Tumors were categorized as p16 negative (p16-) if the p16 staining was noted as "negative," less than 70%, or staining was only focally positive. These subgroups were combined based on their similar prognosis (Supplementary Figure 1 , available online). We excluded patients whose tumor p16 status was determined only by neck lymph node biopsy or fine needle aspiration. In situ hybridization (ISH) results for highrisk human papillomavirus (HPV) subtypes were also available in a subset of patients with known p16 status. Primary site was manually verified for accuracy among the subset of patients with known p16 status. Patients with unclear tumor site or tumors that overlapped multiple subsites were excluded.
Covariates collected from tumor registry data included tumor stage (binary, T3-4 vs T1-2), nodal stage (binary, N0 vs any N), anatomic site (categorical), age at diagnosis (continuous, per 10 years), race (categorical, black/white/other), sex (binary, male vs female), year of diagnosis (continuous, per year), employment (binary, employed/unemployed), marital status (binary, married/ unmarried), current tobacco use (binary, yes/no), treatment type (categorical; upfront surgery, definitive chemoradiotherapy, or definitive radiotherapy), and body mass index (BMI; continuous, per 5 kg/m 2 ). Concurrent chemoradiotherapy was defined as any systemic therapy regimen starting two weeks before or after the radiation start date (including targeted therapies, such as cetuximab). The Charlson comorbidity index (CCI) was constructed using ICD-9/10 diagnoses in the year before diagnosis and was coded in multivariable models as a binary variable (0-1 vs 2) (28,29). Zip code-level median income and education (percentage with high school diploma) were obtained from the 2015 American Community Survey five-year estimates and were coded as continuous variables in multivariable models.
Outcomes
Outcomes included overall survival, cancer-specific mortality, and noncancer (ie, competing) mortality. Cancer-specific mortality was defined as death attributed to HNSCC, whereas competing mortality was defined as death attributed to any other cause. Cause of death was obtained via the National Death Index for deaths through 2014, and tumor registry data for deaths after 2014. Cause of death data from the National Death Index are widely considered reliable (30, 31) . Patients were censored at the last follow-up with a VA provider, current through March 2017. Survival time was measured from the date of first definitive surgical or radiation treatment; we did not observe any differences in the lag time between diagnosis and treatment across tumor site or p16 group (mean ¼ 52 days overall; 
Statistical Analysis
Baseline patient characteristics were compared using chi-square tests for categorical variables and t tests or one-way analysis of variance for continuous variables. Survival outcomes were compared between p16þ and p16-groups using univariate and multivariable Cox proportional hazards regression models (32) . The "full" Cox model included all covariates. To reduce overfitting in the setting of a limited number of mortality events, we also used a parsimonious Cox model in which we dropped the least clinically and/or statistically significant covariates (race, tobacco use, marital status, employment, zip code income, zip code, and education). Supplementary Table 1 (available online) shows the degrees of freedom (DF) and number of events for each model; note that all but two models had at least five events per DF. The proportional hazards assumption for the p16 term was verified for the p16 term using cumulative sums of martingale residuals and the supremum test. For the analysis of cause-specific events, we also performed a Fine-Gray competing risk regression to test effects on subdistribution hazards (33) .
We tested the hypothesis that p16 status has a differential prognostic effect in oropharyngeal and nonoropharyngeal tumors using an interaction term in the parsimonious (reduced) multivariable Cox regression models. Finally, we used multivariable logistic regression to identify the main predictors of patients having known ("tested") vs unknown ("untested") tumor p16 status. All statistical tests were two-sided, and a P value of less than .05 was considered statistically significant. The statistical analysis was performed with SAS v9.4 (SAS Institute, Cary, NC) and R v3.3 (R Core Team, Vienna, Austria).
Results
The sample included 9447 patients, of whom 1448 (15.3%) had known tumor p16 status (387 nonoropharyngeal and 1061 oropharyngeal tumors) ( Table 1; Supplementary Tables 2 and 3 , available online). Of the 1448 patients with known p16 status, nonoropharyngeal patients tended to have greater comorbidity, lower BMI, higher unmarried rates, and higher rates of upfront surgery (Table 1) . Nonoropharyngeal patients also tended to have more advanced tumor stage (67.7% T3 or T4 vs 40.5% for oropharyngeal) but lower nodal stage (29.7% N0 vs 6.7% for oropharyngeal) at presentation. Among nonoropharyngeal patients with known p16 status, laryngeal tumors were most common (47.0%), followed by oral cavity (33.1%) and hypopharynx (19.9%).
The median follow-up was 3.0 years for the subset with known p16 status. Five-year overall survival was statistically significantly higher among p16þ compared with p16-patients for both oropharyngeal (76.8%, 95% CI ¼ 72.3% to 80.8%, vs 50.2%, 95% CI ¼ 41.6% to 58.9%, P < .001) and nonoropharyngeal tumors (75.6%, 95% CI ¼ 65.2% to 86.0%, vs 46.4%, 95% CI ¼ 38.5% to 54.2%, P < .001) ( Figure 1A ). Both cancer-specific mortality ( Figure 1B ) and competing mortality ( Figure 1C) were lower in p16þ compared with p16-tumors, regardless of site. In unadjusted and adjusted regression models, p16þ tumors were strongly associated with improved overall survival and reduced hazards for cancer-specific and competing mortality in both the oropharyngeal (OS: hazard ratio Table 2 ). In the multivariable Cox model including both oropharyngeal and nonoropharyngeal groups for effects on overall survival, cancer-specific mortality, and competing mortality, the interaction terms between p16 status and anatomic site were not statistically significant (P ¼ .37, P ¼ .45, and P ¼ .55, respectively). Results were similar using the FineGray model, with a statistically significant independent association between p16þ status and improved cancer-specific survival in both oropharyngeal and nonoropharyngeal tumors.
Among nonoropharyngeal tumors, the percentage of tumors that were p16þ were close to 20% in all subsites (larynx: 19.8%; Table 4 , available online). Overall, five of 32 nonoropharyngeal patients were positive for high-risk HPV by in situ hybridization (15.6%) vs 62 of 131 (47.3%) for oropharyngeal patients. Discordance rates between HPV in situ hybridization and p16 results were higher in the oropharyngeal group, though this difference was not statistically significant (29.8%, 95% CI ¼ 21.9% to 37.6%, for the oropharyngeal group vs 15.6%, 95% CI ¼ 6.4% to 28%, discordant for the nonoropharyngeal group, P ¼ .11).
We next investigated the characteristics of patients who were not tested for p16 status. We noted an increase in the utilization of p16 testing throughout the study period, with the percentage of oropharyngeal tumors tested for p16 increasing from 2.8% in 2008 to 67.1% in 2015 (Figure 2A ). The percentage of nonoropharyngeal tumors tested for p16 similarly increased from 1.5% in 2008 to 30.8% in 2015. Patients who were not tested for p16 had inferior cancer-specific survival compared with tested patients, for both oropharyngeal (75.1%, 95% CI ¼ 73.6% to 76.6%, vs 83.5%, 95% CI ¼ 80.6% to 86.4%, at five years, P < .001 by log-rank test) and nonoropharyngeal cancer (61.9%, 95% CI ¼ 60.1% to 63.7%, vs 70.7%, 95% CI ¼ 64.1% to 77.2%, P < .001) ( Figure 2B ). The five-year overall survival estimates among untested oropharyngeal and nonoropharyngeal tumors were 53.1% (95% CI ¼ 51.4% to 54.7%) and 34.5% (95% CI ¼ 32.9% to 35.9%), respectively. On univariate analysis, compared with p16-positive patients, untested patients tended to be diagnosed earlier in the study period, to be current tobacco users, to have higher tumor stage and lower nodal stage, and to have nonoropharyngeal tumors (Supplementary Table 3 , available online). In the multivariable logistic regression model, the most statistically significant predictors of increased odds of receiving p16 testing were younger age at diagnosis, more recent year of diagnosis, oropharyngeal tumor location, higher body mass index, and higher zip code-level income (Table 3 ).
Discussion
Our findings support the hypothesis that p16 has a similar prognostic role in oropharyngeal and nonoropharyngeal tumors, in contrast to the conclusions from other recent studies. In particular, we found no evidence to support the conclusion that p16 has a different effect on survival or cancer-specific mortality after adjusting for background competing events, treatment, and potential confounders such as stage, age, comorbidity, and BMI. Our findings provide motivation to increase testing for p16 status in oropharyngeal and nonoropharyngeal HNSCC alike. This is the first study, to our knowledge, to conduct a thorough analysis of effects of p16 status on cause-specific events in HNSCC. As is clear in Figure 1 and Table 2 , the prognostic effect of p16 positivity on survival in both oropharyngeal and nonoropharyngeal HNSCC is partially attributable to a lower hazard for cancer-specific mortality, indicating a more indolent natural history for p16þ cancers, and partially attributable to a lower hazard for competing mortality, indicating that patients with p16þ disease are healthier and less likely to die from competing causes (even after controlling for several known predictors). Investigations of treatments and prognostic factors that rely solely on overall survival, progression-free survival, and other event-free survival end points are potentially misleading, due to confounding from effects on nonspecific events, including death from noncancer causes (24, 25, 34, 35) . This can make conclusions highly susceptible to variation in the background incidence of competing events, undermining the inferences from such studies.
Several studies, including a recent publication by Fakhry et al. (8), have previously concluded that neither HPV status (determined by in situ hybridization) nor p16 (determined by immunohistochemistry) has a prognostic role in nonoropharyngeal HNSCC. Another important study by Chung et al. (14) examined effects of both HPV and p16 for HNSCC patients treated on Radiation Therapy Oncology Group trials and concluded that only the latter was prognostically significant, albeit less so than in oropharyngeal cancer. Possible reasons for the contrast between our findings and other studies should be considered.
Our study addresses a large population representing 120 VA centers nationwide. The VA database provides a rich source of both treatment and tumor-related prognostic factors and known predictors of competing events, with greater power to estimate adjusted effects within subgroups. As such, our sample is likely to be more generalizable and representative of community practice patterns than single or oligo-institutional or trial-based data. The total number of p16þ nonoropharyngeal tumors was comparatively higher in our study, increasing power to detect effects, especially in multivariable models. Our study also examined the cause-specific effects of p16 status, which provides different interpretations regarding its prognostic role.
Unlike other studies, however, due to selective and low frequency of testing in nonoropharyngeal cancer patients, we are unable to comment on the prognostic role of HPV, which has higher rates of discordance with p16 in nonoropharyngeal compared with oropharyngeal cancer (14) . Our cohort was also more heterogeneous in terms of treatment. Though we controlled for treatment modality in our analyses, it is possible that the prognostic value of p16 may interact with treatment in more subtle ways. Other key differences are the exclusion of nasopharyngeal tumors from our study, in contrast to Fakhry et al., and the inclusion of surgical patients, in contrast to Chung et al. Additionally, p16 status was not centrally reviewed in this study. While this could introduce misclassification if pathologists did not apply uniform definitions of p16 positivity, we would expect any such discordance or misclassification only to attenuate our ability to detect associations between p16 and outcomes, biasing our results toward the null. Moreover, the rate of discordance between peripheral/community and central determinations of p16 status by immunohistochemistry is quite low (Richard Jordan, personal communication). Of note, the proportion of nonoropharyngeal tumors in our study that were p16þ (20%) was higher than Fakhry et al. (10%) and similar to Chung et al. (20%) . Lastly, it should also be noted that our sample represents an almost exclusively male population; effects in females could well be different than what we observed (8) .
A general problem affecting many studies on this subject is the low rate of routine testing in nonoropharyngeal HNSCC. The nonoropharyngeal tumors that were tested are likely to be highly selected, perhaps due to ambiguity in the primary site, patient risk factors, and/or variations in providers' practice. Thus, the true prevalence of p16 positivity in nonoropharyngeal HNSCC could not be accurately assessed in our study and may be lower than what we observed. Additionally, both patients with p16þ and p16-disease had lower cancer-specific mortality than untested patients, further indicating that tested patients are likely a selected subpopulation with unmeasured characteristics that favor improved survival. However, the presence of selection bias in p16 testing does not necessarily imply a different prognostic value of p16 in the untested population. Although we do not consider it likely that patients with p16þ disease were more likely to be tested than p16-patients with the same risk factors, or that this would differ by primary site, we cannot exclude this possibility. Future studies using population-based sampling methods in subjects undergoing routine testing would be desirable to further illuminate the prognostic role of p16 in nonoropharyngeal HNSCC, including the nasopharynx and other subsites.
HPV is widely known for driving tumorigenesis in the oropharynx, as opposed to the oral cavity, larynx, or hypopharynx, where the majority of cancers are still caused by classical risk factors like smoking and alcohol use. There has been controversy over whether the presence of p16 in nonoropharyngeal tumors represents a truly oncogenic HPV infection, a bystander (nononcogenic) HPV infection, or an entirely unrelated process. However, p16 can be a useful prognostic tool irrespective of its relationship (or lack thereof) to HPV. Even if less likely to be positive in nonoropharyngeal compared with oropharyngeal HNSCC, p16 may still be equally valuable as a prognostic or predictive biomarker.
In conclusion, our findings support the hypothesis that p16 has a similar prognostic role in nonoropharyngeal (specifically laryngeal, hypopharyngeal, and oral cavity) and oropharyngeal HNSCC, arguing for increased testing in the nonoropharyngeal HNSCC population to guide future research. The funders had no role in the design of the study; the collection, analysis, or interpretation of the data; the writing of the manuscript; or the decision to submit the manuscript for publication.
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